Melt pelletization is an agglomeration process involving the melting of a solid binder by frictional heat generated from material agitation and shear forces generated by impeller rotation. The agitation impact forces from the impeller increase the plastic deformability of the melt agglomerates and promote coalescence growth. The level of agitation impact forces is dependent on the impeller speed. At higher impeller speeds, the agitation impact forces are stronger and pellet growth rate increases. The mean pellet size is an important variable to be monitored in the production of melt pellets. The control of mean pellet size has been carried out by monitoring the power consumption of the process.
was equipped with a thermoresistance probe (PT 100), allowing the temperature of the product to be recorded. The probe was placed through the side wall of the bowl, 50 mm from the floor of the mixer.
Preparation of Pellets A load of lactose 450 M (1 kg) and PEG 3000 at concentration levels of 22, 23 and 24% (w/w), expressed as the percentage of lactose, was used for pelletization. The amount of PEG 3000 was reduced to 17% (w/w) when different lactose grades, 200, 350 and 450 M, were used to compare their effects on the properties of the pellets produced. The lactose and binder were first manually pre-mixed for 5 min. The mixture was then transferred to the high shear mixer and processed at an impeller speed of 1300 rpm. Outputs for power consumption, product temperature and impeller speed were recorded using a 3-pen recorder (LR92620, Linear, U.S.A.). During the dry-processing phase, the impeller produced shear friction that increased the product temperature to the melting point of the binder within a reasonably short time. The onset of melting was read at the inflection point on the product temperature-processing time profile of the recorder tracing.
5) The pre-melt processing time was taken from the start of high shear processing in the melt pelletizer to the onset of binder melting. The post-melt processing time was the additional process time taken from the onset of binder melting to the end of the run. At 2 min after onset of melting, the impeller speed was reduced to 1150 rpm, unless otherwise stated. 4) At the start of each run, the water jacket was maintained at 30°C. One minute into the post-melt processing, the jacket set temperature was increased to 80°C to prevent material adhesion on the mixer wall. On completion of a run, the pellets were immediately collected, weighed and then spread out in thin layers on trays to cool. For each variable studied, preparation of pellets was carried out with different post-melt processing times.
Image Analysis At least 50 pellets were randomly selected for image analysis. These pellets were taken from the modal fraction obtained by sieving. The aperture sizes of the nest of sieves used were 0.075, 0.125, 0.25, 0.355, 0.5, 0.71, 1, 1.4, 2, 2.8 and 4 mm. The image analyser (PC Image 2.2, Foster Findlay Associates, U.K.) consisted of a computer system connected to a video camera (SSC-M370CE, Sony, Japan) mounted on a stereomicroscope (SZH, Olympus, Japan). The average projected area and perimeter of the pellets were determined from the digitized images of the pellets. By transformation of these basic parameters, pellet sphericity was calculated. Sphericity values gave a measure of pellet roundness. A value of unity describes a perfect circle. Sphericity is determined as:
Size Analysis The pellets from each batch were divided into random samples using a spinning riffler (PT, Retsch, Germany). A sample of about 100 g was sized using a nest of sieves of aperture sizes 1, 1.4, 2, 2.8 and 4 mm, vibrated at an amplitude of 1 mm (EVS1, Endecotts, U.K.) for 10 min. The sample collected in the receiving pan was subsequently transferred to another set of sieves of aperture sizes 0.075, 0.125, 0.25, 0.355, 0.5 and 0.71 mm and vibrated for 20 min. The mean pellet size was calculated as reported by Heng et al. 4) pellet sphericity 4 [area] [perimeter]
This paper reports the influence of post-melt impeller speed, post-melt processing time, binder concentration and particle size of bulk material on the sphericity of pellets produced by melt pelletization in a high shear mixer. Lactose was used as the bulk material with polyethylene glycol 3000 as a meltable binder. The sphericity of pellets was found to be affected by post-melt impeller speed and post-melt processing time. Binder concentration and particle size of bulk material had a lesser effect on pellet sphericity. The melt pelletization process can be divided into two spheronization phases (a fast initial rate, followed by a slower rate). The change in the spheronization rate was associated with the pellet size, porosity and flow pattern of the processing material. The present study established a bi-exponential mathematical model to relate the pellet sphericity with post-melt specific energy consumption. The relationship of pellet sphericity with post-melt specific energy consumption was independent of the effects of the production variables.
Porosity Analysis The intra-pellet porosity was determined by a mercury intrusion method (Poresizer 9320, Micromeritics, U.S.A.). The sample size for porosity measurement was about 1.5 g. Triple distilled mercury (Instrument grade, D.F. Goldsmith Chemical and Metal Corporation, U.S.A.) was used. An average intra-pellet porosity was calculated from two determinations for each batch of pellets.
Scanning Electron Microscopy The pellets were fixed with a carbon paste onto studs. The prepared studs were viewed under a scanning electron microscope (JSM 5200, Jeol, Japan). Representative sections were photographed to show the surface morphology of the pellets.
Results and Discussion
Under the influence of centrifugal force generated by the rotation of the impeller, the materials at the bottom of the mixer bowl were observed to move outwards and upwards from the central axis of the impeller and circulated along the wall of the bowl. As they reached the top, they moved inwards and downwards. During the pre-melt processing phase, the lactose and PEG particles were intimately mixed but the binding forces present were insufficient to produce permanent entities. The clusters of adhering particles were constantly fragmenting due to the impact forces of the rotating impeller.
In the post-melt processing phase, the PEG particles were melted when the frictional heat raised the product temperature beyond the melting point of PEG. The molten PEG then acted as a liquid binder responsible for strong liquid bonds between the solid bulk particles and contributed to the formation of more permanent agglomerates. With improved binding strength, the agglomerates could withstand impact shattering forces caused by the impeller. The agglomerates existed as larger unit entities where further growth, consolidation and spheronization could be sustained. At the initial period of the post-melt processing phase, the agglomerates formed were irregular in shape and had lower sphericity values (Fig. 1) . Photomicrographs of these agglomerates showed that their surfaces were generally rough ( Fig. 2(a) ). The agglomerates were porous (Fig. 1) . The agglomerate surfaces were made up of loose clusters of lactose particles bound by molten PEG and the lactose particles were easily identified on the photomicrographs. By further post-melt processing (Figs. 2(b)-(d) ), the agglomerate surfaces appeared denser as the molten PEG was squeezed out towards the surface by impact. The agglomerates were spheronized mainly by spirally rolling against the wall of the mixer bowl. The rolling action reduced the irregular protrusions of the agglomerate surfaces by the rearrangement of particles, accompanied by protrusions being sloughed off or impacted towards the center of the core as interpreted from the reduction in the porosity of the pellets formed (Fig. 1) .
After prolonged post-melt processing, the sphericity values of the agglomerates approached unity (Fig. 1) . The distance for pellets to roll on the wall of the mixer bowl was time dependent. Keeping all the other processing parameters constant, a longer processing time improved the sphericity of pellets by increasing the total wall rolling distance made by the agglomerates. A longer processing time also increased the level of coalescence and densification of agglomerates (Fig. 1) . The resultant pellets would be stronger and became less liable to breakdown.
6) The pellet spheronization process would also be facilitated and more spherical products obtained.
The change in pellet sphericity with post-melt processing time was found to be generally independent of both the binder concentration (Fig. 3(a) ) and particle size of the bulk material ( Fig. 3(b) ). In the study using bulk materials of different particle sizes (Fig. 3(b) ), the sphericity values of pellets formed, using lactose 450 M and 17% (w/w) of PEG 3000, at post-melt processing times of 5 and 9 min were not measured. The very small pellets produced were found to have fine powders adhering to their surfaces which made it difficult to determine the sphericity.
The sphericity of pellets was affected by the post-melt impeller speed employed, particularly in the early phase of post- At an impeller speed of 1150 rpm, the kinetic impact forces produced by impeller rotation were rather low. The spheronization process was correspondingly much slower (Fig. 4) . With a higher impeller speed, the rate of spheronization of the agglomerates was faster and highly spherical pellets were produced with a relatively shorter postmelt processing time. The strong kinetic forces associated with higher impeller speeds augmented the rounding of agglomerates into highly spherical pellets. The high post-melt impeller speed provided high kinetic energy to the agglomerating mass and this enabled the agglomerates to remain suspended above the impeller for longer periods and to roll against the mixer wall at higher speeds, covering longer wall rolling distances.
The actual rolling distances of the agglomerates were difficult to determine. However, it was expected that the number of revolutions made by the impeller would reflect the rolling distance covered by the agglomerates. This assumption takes into account that the kinetic energy imparted to the agglomerates was directly derived from the impact forces of the rotating impeller blades. The number of impeller revolutions was a product of post-melt impeller speed and processing time. The plot of the number of impeller revolutions against pellet sphericity showed that the pellet spheronization process was related to the number of impeller revolutions (Fig. 5) . The relationship of pellet sphericity with number of impeller revolutions was independent of the actual post-melt impeller speed. At a higher post-melt impeller speed, a shorter post-melt processing time was required to produce pellets of equivalent sphericity when compared with that when a lower post-melt impeller speed was used (Fig. 4) .
A two-phase spheronization process can be observed from the plot of the pellet sphericity against number of impeller revolutions (Fig. 5) . The post-melt processing time was an 422 Vol. 48, No. 3 indicator of the number of impeller revolutions when the same impeller speed was used. The rate of spheronization appeared to be faster at the initial post-melt processing phase and slower at the later phase when different binder concentrations and bulk materials of different particle sizes were used (Fig. 3) . It was likely that there were changes in the pelletization process with time and these divided the agglomerate spheronization process into two phases.
The two-phase spheronization process may be explained by the events occurring during the pelletization process. During the initial post-melt processing phase, the agglomerates were made up of loose clusters of solid lactose particles bound by the molten PEG. These agglomerates were highly porous. For each agglomerate, the particles could rearrange themselves easily into the voids within the agglomerate. A greater degree of particle rearrangement can be effected, which in turn, was translated to a more marked increase in the pellet sphericity with time.
In addition, the initial agglomerates formed were smaller and irregularly shaped. The contact surface areas of these agglomerates with the impeller blades and mixer wall surface were large. Observation through the glass viewing port of the high shear mixer showed that the agglomerates rebound upon impact by impeller in a less orderly manner (Fig. 6(a) ). The random agglomerate distribution and flow in the mixer bowl allowed opportunity for particle rearrangement and a higher rate of spheronization.
In the later phase of post-melt processing, the agglomerates were larger and denser. The resulting agglomerates became heavier. The agglomerates gradually became more spherical and impacts by impeller were translated to a more directional flow pattern, moving in a regular twisted rope-like manner ( Fig. 6(b) ). The height to which the agglomerates travelled was lower, covering a lesser area of mixer wall surface. The fraction of the agglomerates in contact with the mixer wall became smaller and this may partially contribute to the observation of the second phase of the spheronization process. In this phase, there were also less intra-agglomerate voids available for particles to rearrange within to achieve a higher degree of sphericity. Energy was consumed for the circulation of material and for overcoming the resistance of the viscous molten binder during the agglomerate growth process. The post-melt specific energy consumption of the pelletization process was found to be related to the sphericity changes of the pellets during pelletization (Fig. 7) . Post-melt specific energy consumption was calculated from the records of post-melt specific power consumptionϪprocessing time tracings as described by Heng et al. 4) The post-melt specific energy con- sumption was more useful than post-melt processing time for relating to pellet sphericity when post-melt impeller speed was varied. The relationship of post-melt specific energy consumption with the sphericity of the pellets formed at different post-melt processing times was independent of the effects of post-melt impeller speed (Fig. 7(a) ). Pellets of similar sphericity could be obtained with comparable post-melt specific energy consumption in processes where different post-melt impeller speeds were used. As the impeller speed affected the post-melt specific energy consumption, it would have, in turn, affected the pellet sphericity.
In the case where binder concentration and particle size of bulk material were varied, there were no marked differences in both the post-melt specific energy consumption, as reported in the previous paper, 4) and the sphericity of the pellets (Fig. 3) produced at different post-melt processing times. The relationship of post-melt specific energy consumption with pellet sphericity was found to be independent of the variation of formulation parameters under investigation (Figs. 7(b)-(c) ). Figure 8 indicates that the relationship of pellet sphericity and post-melt specific energy consumption can be described using a simple mathematical model. Pellet sphericity was related to the post-melt specific energy consumption and this relationship was independent of the magnitude of post-melt impeller speed, binder concentration and particle size of the bulk material. The two-phase spheronization process was seen when post-melt specific energy consumption was used to relate to the pellet sphericity. The post-melt specific energy consumption data and pellet sphericity values could be fitted with a bi-exponential equation model where the spheronization process was rapid initially and becoming slower at the later phase:
1-pellet sphericityϭ[0.4107exp(Ϫ0.0118Emelt)] ϩ[0.0533exp(Ϫ0.0004Emelt)]
where Emelt was the post-melt specific energy consumption (kJ/kg). Figure 8 shows that the results predicted by Eq. 2 could describe the relationship between the pellet sphericity and post-melt specific energy consumption determined experimentally (rϭ0.82, pϽ0.001).
Conclusion
The sphericity of melt pellets was mainly affected by postmelt impeller speed and post-melt processing time. There were two phases in the melt spheronization process: a high spheronization rate, followed by a slow one. The two-phase melt spheronization process was associated with the changes of size, porosity and flow pattern of the processing material. A bi-exponential mathematical model was established to relate the sphericity of the pellets produced at both phases of the spheronization process with post-melt specific energy consumption. Pellet sphericity was directly related to postmelt specific energy consumption and the relationship was independent of the production variables. Vol. 48, No. 3 
